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Periaqueductal grayChronic low back pain is a common neurological disorder. The periaqueductal gray (PAG) plays a key role in the
descendingmodulation of pain. In this study,we investigated brain resting state PAG functional connectivity (FC)
differences between patients with chronic low back pain (cLBP) in low pain or high pain condition and matched
healthy controls (HCs). PAG seed based functional connectivity (FC) analysis of the functional MR imaging data
was performed to investigate the difference among the connectivitymaps in the cLBP in the low or high pain con-
dition and HC groups as well as within the cLBP at differing endogenous back pain intensities. Results showed
that FC between the PAG and the ventral medial prefrontal cortex (vmPFC)/rostral anterior cingulate cortex
(rACC) increased in cLBP patients compared to matched controls. In addition, we also found signiﬁcant negative
correlations between pain ratings and PAG–vmPFC/rACC FC in cLBP patients after pain-inducing maneuver. The
duration of cLBPwas negatively correlatedwith PAG–insula and PAG–amygdala FC before pain-inducingmaneu-
ver in the patient group. These ﬁndings are in line with the impairments of the descending pain modulation re-
ported in patients with cLBP. Our results provide evidence showing that cLBP patients have abnormal FC in PAG
centered pain modulation network during rest.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Chronic low back pain (cLBP) is one of themost common reasons for
all physician visits in the USA and is a leading contributor to job-related
disability andmissed work (Chou and Shekelle, 2010; Hart et al., 1995).
The etiology of cLBP is heterogeneous (Ehrlich, 2003). Non-speciﬁc
cLBP, which represents the majority of cLBP patients, is characterized
by a lack of recognizable pathology (Chou et al., 2007; Ehrlich, 2003;
Savigny et al., 2009). Although cLBP is a serious health concern, treat-
ment for cLBP has achieved limited success (Bogduk, 2004). Increasing
evidence suggests a crucial role of central nervous system plasticity in
the development and maintenance of non-speciﬁc cLBP. To develop
more effective treatments, it is crucial to understand the underlying
neurobiology of cLBP in the brain.
A prevailing theory in the pathogenesis of chronic pain is that the
nociceptive afferents become sensitized in such away that the signaling
of these nociceptive afferents increases perceived pain disproportion-
ately to the pain stimulus (Coderre et al., 1993). This process is facilitat-
ed by a dysfunction of the descending pain modulatory circuits (Woolf9 Arts Link, 117570 Singapore,
. This is an open access article underand Doubell, 1994; Zimmermann, 2001). The periaqueductal gray
(PAG) is a key region involved in endogenous pain inhibition (Fields,
2004). Previous studies have shown that PAG stimulation can signiﬁ-
cantly inhibit behavioral responses to noxious stimuli in both animals
(Mayer et al., 1971; Reynolds, 1969) and humans (Baskin et al., 1986;
Hosobuchi et al., 1977). Recent studies have shown that the functional
connectivity ﬂuctuations and structural connectivity between the PAG
and the ventral medial prefrontal cortex (vmPFC)/rostral anterior
cingulate cortex (rACC) predicted mind wandering away from pain,
i.e., spontaneous disengagement of attention from pain (Kucyi et al.,
2013). The structural connectivity between these two regions also pre-
dicted individual difference in placebo analgesia (Stein et al., 2012). It is
now believed that the brainstem (PAG) receives direct projections from
regionswithin the limbic forebrain such as the anterior cingulate cortex
(ACC) and limbic-related areas such as the insula and amygdala and
modulates pain by descending modulation of the spinal cord neurons
(Brooks and Tracey, 2005; Fields, 2004; Heinricher et al., 2009; Ploner
et al., 2010; Tracey and Mantyh, 2007). A recent study has shown that
the PAG is functionally connected to the vmPFC/rACC, insula and amyg-
dala during resting state (Kong et al., 2010b).
The insula is a key region in pain process (Bernard et al., 1992;
Chudler et al., 1993; Craig, 2002; Craig et al., 2000; Kong et al., 2013a;
Kong et al., 2006; Schneider and Lidsky, 1981; Wiech et al., 2005). Athe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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tween the insula and pain-modulatory brain regions (e.g., PAG) differed
between physically identical trials that were rated as painful and trials
perceived as non-painful (Ploner et al., 2010). The amygdala has a cen-
tral role in regulating emotional responses during acute and persistent
pain (Martikainen et al., 2013; Neugebauer et al., 2004). Given the
close anatomical connectivity between the PAG–insula–amygdala and
their role in pain perception and modulation (Ploner et al., 2010), it is
possible that alterations in these pathways may also contribute to the
development or maintenance of chronic pain. Recent neuroimaging
studies have shown that cLBP is associated with alterations in resting
state brain activity (Apkarian et al., 2009; Apkarian et al., 2004; Baliki
et al., 2011; Baliki et al., 2006; Kobayashi et al., 2009; Tagliazucchi
et al., 2010; Wasan et al., 2011). However, the role of the PAG and the
associated networks detected by resting state fMRI in cLBP is still un-
clear. In the present study, we investigated PAG centered brain resting
state functional connectivity (FC) differences between cLBP patients
and matched HCs and FC differences when cLBP patients experienced
different levels of pain intensity. We hypothesized that cLBP would be
associated with abnormal FC between the PAG and other brain regions
including the vmPFC, insula, and amygdala, given the close link between
these regions and their role in pain modulation.
2. Materials and methods
We brieﬂy describe the experimental procedures below. Please also
see a previous published study (Kong et al., 2013b) for more details on
the experimental procedure. The data have been used in this previous
publication (Kong et al., 2013b), but the analytic methods used here
do not overlap. In that study, we compared structure and function dif-
ference between the cLBP and controls using structural imaging data
with morphometric analysis and resting state MRI data with degree
centrality (DC) analysis (Kong et al., 2013b). Degree centrality is a mea-
sure of local network connectivity and identiﬁes the most connected
nodes by counting the number of direct connections to all other nodes
(Buckner et al., 2009). There is no overlap on the results between the
previous paper and the current paper.
2.1. Participants
Eighteen cLBP patients and 18 healthy controls, matched for age and
gender, completed the study (see Table 1 for demographic details). TheTable 1
Demographics and clinical characteristics for cLBP patients and controls.
Patients
ID Gender Age Race BDI Duration (years) Pain intensity (Low pai
1 F 48 White 13 3 4.5
2 M 41 Asian 8 4 5
3 F 49 Black 30 8 6.5
4 F 47 Hisp. 7 3 10
5 F 23 White 1 10 3
6 M 27 White 0 10 4
7 F 23 White 4 3 2
8 M 38 White 0 2 4.5
9 M 25 Multi. 0 5 4.5
10 F 44 White 9 12 2.25
11 M 30 Multi. 5 10 2
12 F 31 Black 1 2 5.5
13 F 47 Black 3 5 0
14 F 46 Black 9 3 3
15 F 46 White 8 10 3
16 F 34 Black 10 3 7
17 M 26 White 0 1.5 0.5
18 F 25 Asian 9 0.5 1
BDI = Beck Depression Inventory; BPI = Brief Pain Inventory; Pain Intensity = Average self-re
Hispanic; SE = standard error.Institutional Review Board atMassachusetts General Hospital approved
the study and all subjects gave written informed consent. All partici-
pants received compensation for their participation.
All subjects were clinically diagnosed with nonspeciﬁc cLBP with a
duration of at least 6 months by a clinical evaluation, including the use
of X-ray/MRI reports, when available. Only those patients meeting the
Quebec Low Back Pain Task Force classiﬁcation criteria for Class I or II
(axial LBP with possible occasional radiation to the thigh, and no senso-
ry or motor complaints) were enrolled (Werneke and Hart, 2004). Sub-
jects were classiﬁed as having non-speciﬁc back pain (i.e., patients with
speciﬁc diagnoses, non-spinal etiology, or radicular symptomswere not
included in the study). Subjects were also excluded if they reported
major systemic diseases or history of head injury or coma. cLBP patients
were asked to rate their current pain using a visual analog scale (0 no
pain, 10 maximum imaginable pain), both before and after the resting
state fMRI scan. Endogenous back pain intensity during the resting
state was deﬁned as the average pain rating before and after the scan.
The Brief Pain Inventory (BPI) was used to assess the severity of pain
(the sensory dimension) and the impact of pain on daily feelings and
functions (the reactive dimension) in the preceding week, i.e., a week
before the experiment date (Cleeland and Ryan, 1994; Tan et al.,
2004). Depressive symptoms were assessed using the Beck Depression
Inventory (BDI-II) for all participants (Beck et al., 1961). All question-
naires were administered immediately prior to brain scanning. Healthy
controls, matched for gender, age and race, were recruited in the com-
munity. All HC subjects were screened to ensure that they did not
have back pain.
2.2. Clinical maneuvers
After the ﬁrst resting state scan, cLBP patients were taken out of the
scanner to perform exercises for a period lasting up to 10min to exacer-
bate their endogenous lower back pain (see Fig. 1A). These exercises
were tailored to each patient based on their report of whichmovements
exacerbated their pain. The exercises determined to exacerbate low
back pain included a set of slow movements such as sit-ups, lumbar
ﬂexion/extension, and lumbar rotation, where the subject rotated his
or her body from side to side at a self-selected speed. During the screen-
ing, all subjectswere asked to conﬁrm that they could perform these ex-
ercises. If at the end of the ﬁrst resting state scan the patient3s cLBP pain
rating was too strong (≥7 in 0–10 scale) and the patient was reluctant
to perform exercises to enhance their pain experience, they wereControls
n) Pain intensity (High pain) BPI (avg) Gender Age Race BDI
3.5 7 F 47 White 0
6.5 6 M 37 Asian 10
8.75 6 F 50 Black 4
9.5 10 F 49 Black 0
6 3 F 26 White 11
6.5 3 M 30 White 0
6 3 F 23 White 3
6 4 M 39 White 7
7 3 M 27 White 0
6 4 F 45 White 0
5.5 9 M 34 White 4
8.5 6 F 32 Black 3
9.5 8 F 47 Black 0
8.5 6 F 46 Black 3
6.5 5 F 47 White 0
8.5 8 F 34 White 2
3 2 M 27 White 0
4 2 F 28 Asian 9
ported pain rating before and after resting state fMRI scanning. Multi. =Multiple; Hisp. =
Fig. 1. Experimental procedure and regions of interest. (A) Experimental procedure. (B) The bilateral PAG seeds used for resting state fMRI seed based functional connectivity analysis.
(C) The time course from the PAG seed in one subject. (D–F) Anatomically deﬁned regions of interest (ROIs): ACC/vmPFC, anterior insula, posterior insula, and amygdala.
Table 2
Participant head motion during fMRI scans.
cLBP patients in
low pain
cLBP patients in
high pain
Healthy controls
Motion
parameters
Mean ± SE Mean ± SE Mean ± SE P value
x −0.0301 ± 0.0271 −0.0396 ± 0.0436 0.0078 ± 0.0233 .708
y 0.1145 ± 0.0625 0.0468 ± 0.0445 0.1046 ± 0.0272 .297
z −0.0780 ± 0.0632 −0.0882 ± 0.1398 0.0813 ± 0.0784 .311
Pitch 0.0001 ± 0.0029 0.0002 ± 0.0010 −0.0002 ± 0.0011 .330
Roll −0.0016 ± 0.0009 −0.0011 ± 0.0009 0.0007 ± 0.0007 .176
Yaw 0.0003 ± 0.0018 0.0015 ± 0.0016 0.0002 ± 0.0005 .913
Notes: SE= standard error; the six motion parameters (translation: x, y and z inmm and
rotation: pitch, roll and yaw in degrees) were obtained from head movement correction
for each participant. cLBP = chronic low back pain.
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second half of the scanning session.
During the exercises, cLBP patients were intermittently asked to re-
port their level of pain using the 0–10 pain scale; the exercises were re-
peated until subjects reported an increase in pain of approximately 3
points on the pain scale. Once this level of pain was achieved, subjects
were placed back in the scanner to repeat the same fMRI scans that
were acquired before the pain-inducing maneuvers. All maneuvers
were applied slowly at a pace that the patients feel acceptable. For
healthy controls, structural and resting state scans were only collected
once. Before and immediately after each 6 minute resting state MRI
scan, subjects were asked to rate the intensity of their LBP using a
0–10 pain scale. The average self-reported pain rating before and after
resting state fMRI scanning was used as an index of endogenous pain
intensity.
2.3. Medication
Medication use per self-report was limited to non-steroidal
anti-inﬂammatory drugs (NSAIDs, e.g., ibuprofen, Motrin, Advil,
and Naproxen) and acetaminophen (e.g., Tylenol). Additional non-
pharmacological methods of self-reported pain management included
chiropractic massages, physical therapy, exercises, and acupuncture.
2.4. MRI data acquisition
All MRI data were acquired with a 3 T Siemens whole-body scanner
with echo-planar imaging capability using a 32-channel radio-frequency
head coil at the Martinos Center for Biomedical Imaging. During the rest-
ing state fMRI scan, subjects were asked to keep their eyes open and look
at a darkened screen for 6 min. The BOLD fMRI scan acquisition included
47 slices with slice thickness of 3 mm, TR= 3000ms, TE= 30ms, and a
3 × 3 mm in-plane spatial resolution. T1-weighted MPRAGE struc-
tural images were acquired using the following parameters: voxel
size 1.2 × 1.2 × 1.2 mm, TR = 2.2 s, TE = 1.54 ms, ﬂip angle = 7°,
slices = 144; ﬁeld of view = 230.
2.5. PAG seed based functional connectivity analysis
The fMRI data were then preprocessed using SPM8 software (avail-
able at: http://www.ﬁl.ion.ucl.ac.uk/spm) implemented in a MATLAB
suite (MathWorks, Inc., Natick, Massachusetts). The ﬁrst 10 volumeswere not analyzed to allow for signal equilibration effects. Images were
realigned to correct formotion, corrected for errors in slice timing, spatial-
ly transformed to standard stereotaxic space (based on the Montreal
Neurologic Institute coordinate system). A recent study shows that the
motion induced artifacts occur with movements on the order of a few
tenths of a millimeter or less and produce systematic but spurious corre-
lations in functional connectivity, such that long distance correlations are
decreased by subject motion, whereas many short-distance correlations
are increased (Power et al., 2012). ANOVA on eachmovement parameter
with cLBP patients in high pain condition and in low pain condition and
healthy control as between-subjects factor revealed no signiﬁcant differ-
ences (P N 0.1). In Table 2, we show that themeans for six movement pa-
rameters are small and there was no signiﬁcant group difference on
movement parameters. There were no participants with movement
greater than 3 mm of translation or 3 degrees of rotation. There were
also no signiﬁcant differences between the total range of movement
across any axis of translation or rotation between groups (see Table 2).
The data were then smoothed with a 6-mm full-width half-maximum
(FWHM) Gaussian kernel. The smooth kernel size was chosen because
FWHM resolution usually equals or is greater than twice the voxel size
(Mikl et al., 2008). Data were then bandpass ﬁltered from 0.01 to
0.08 Hz to remove low frequency noise (including slow scanner drifts)
and inﬂuences of higher frequencies reﬂecting cardiac and respiratory sig-
nals (Cordes et al., 2001).
To address head motion concerns in resting-state fMRI analyses, we
calculated the voxel-speciﬁc mean framewise displacement (FD) for
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2013; Power et al., 2014; Van Dijk et al., 2012). FD measure indexes
themovement of the head from one volume to the next and is calculat-
ed as the sum of the absolute values of the differentiated realignment
estimates (by backward differences) at every time point (Power et al.,
2012). Then, we repeated the above analyses after removing frames
with FD N 0.5mm(‘scrubbing’). One timepoint before “bad” time points
and two time points after “bad” time points were deleted.
Functional connectivity analysis was carried out by applying a seed-
region approach using the right ventrolateral PAG (x = 4, y = −26,
z =−14, with 2 mm radius) as the FC seed (see Fig. 1B). The rationale
for choosing this location as a seed is: 1) in a previous study, we found
that increased levels of heat pain can evoke a signiﬁcant fMRI signal
increase in this region (Kong et al., 2010a); 2) it is located within
the ventrolateral PAG, which is believed to be important for opioid
antinociception (Bandler and Shipley, 1994); 3) it is consistent with
previous PAG seed based FC study showing that the PAG is functionally
connected to the ACC/vmPFC and the insula (Kong et al., 2010b). One
concern is that signals from other regions may confound the ﬁndings
due to partial volume effect. We plotted the time course from the PAG
seed for all subjects and found no cyclic trends in the data (see Fig. 1C
for an example). Given that the PAG seed region sits adjacent to a ven-
tricle with signiﬁcant pulsatility effect, we also used a seed from the
third ventricle (x= 0, y =−3, z =−7, with 2 mm radius) as a control
region.
For each seed region, individual participant analyses were carried
out using the General Linear Model (GLM) with the time series for the
seed region as well as for the nuisance covariates (white matter, cerebro-
spinalﬂuid, and sixmotion parameters) as predictors. These nuisance sig-
nals are typically adjusted for in resting-state FC studies because they
reﬂect signal ﬂuctuations of nonneuronal origin (e.g., physiological arti-
facts associated with variables such as cardiac and respiratory cycles,
CSF motion, and scanner drift) (Fox and Raichle, 2007).
Contrast images were generated for each subject by estimating the
regression coefﬁcient between all brain voxels and each seed3s time se-
ries, respectively. These images were then included in second-level
group random effect analyses, adopting a t-test design.We also used re-
gression analyses to examine whether illness duration and/or endoge-
nous pain intensity were related to PAG functional connectivity, when
considering the cLBP participants alone. Endogenous pain intensity
was deﬁned as the average self-reported pain rating immediately before
and after resting state fMRI scanning. The threshold was family-wise
alpha level set to P= 0.05, family-wise error (FWE) correction for mul-
tiple comparisons for ROIs using small volume correction (svc). Based
on the anatomical connection of PAG and previous studies (Brooks
and Tracey, 2005; Fields, 2004; Heinricher et al., 2009; Ploner et al.,
2010; Tracey and Mantyh, 2007), the ROIs include the vmPFC/ACC,
anterior insula, posterior insula, and amygdala, derived from automated
anatomical labeling (AAL, see Fig. 1C–E) (Tzourio-Mazoyer et al., 2002).
A threshold of P b 0.05 family-wise error (FWE) corrected at the cluster
level across the whole brain was used for non-ROI brain regions.
3. Results
A total of 18 cLBP patients (6 males) and 18 age- and gender-
matched HCs (6 males) completed the study. Demographics, clinical
assessments and characteristics for cLBP patients andHCs are presented
in Table 1. The age difference between the two groups was not signiﬁ-
cant (mean ± SE 36.1 ± 2.3 in the patient group versus 37.1 ± 2.2 in
the control group), P = 0.71. The duration of illness in the patient
group is 5.3 ± 0.9 years. The BPI was used to measure the pain in the
preceding week in the patient group, 6.5 ± 1.7.
Of the 18 patients who completed the study, one patient had strong
chronic pain at baseline and thus did not perform any exercises. After
lying down for 10 min, the patient felt a reduction in low back pain.
The patient received the exact same set of scan procedures before andafter the 10 minute rest period, comparable to the healthy control con-
dition. This datawas included in the data analysis. In this study, the self-
reported endogenous LBP intensity recorded before and after resting
state fMRI scanningwas averaged and then used as an index of pain dur-
ing scanning. After slow clinical pain-inducing maneuver, the self-
reported pain intensity was signiﬁcantly increased from 3.79 ± 0.58
(mean ± SE) before pain-inducing maneuver to 6.65 ± 0.46, t = 5.38,
P b 0.001. In our data analysis, we deﬁne the scanning period during
which patients3 low back pain ratings are lower as the low pain (LP)
condition and the scanning period during which patients3 low back
pain ratings are higher as the high pain (HP) condition.
During the LP condition (Fig. 2A) and HP condition (Fig. 2B) in the
patient group and in the healthy group (Fig. 2C), we found predomi-
nantly positive correlations between PAG activity and activity in nearby
structures, including the brainstem (mostly the midbrain), thalamus,
parahippocampus, amygdala, and cerebellum, and with distant regions,
including the anterior cingulate (not in control group) and temporal
cortex. These ﬁndings were consistent with our previous PAG centered
FC study applied in healthy subjects (Kong et al., 2010b) and a previous
diffusion tensor imaging study on PAG (Hadjipavlou et al., 2006).
Whole brain voxel-by-voxel functional connectivity in HCs and cLBP
patients during the LP condition was compared using a two-sample
t-test. Results showed that cLBP patients in the LP condition had signif-
icantly greater FC between the PAG and the left vmPFC/rACC, x =−6,
y = 45, z = −6, Z = 3.20, voxels = 11, PFWE b 0.05 svc and right
vmPFC/ACC, x = 6, y = 42, z = −12, Z = 3.18, voxels = 36,
PFWE b 0.05 svc, aswell as other regions including the superior temporal
gyrus and the precentral gyrus (Table 3 and Fig. 2D). The opposite con-
trast showed no FC differences above threshold. Compared with HCs,
patients in the HP condition also showed enhanced FC between the
PAG and the left vmPFC, x =−6, y = 42, z =−9, Z = 2.96, voxels =
11, PFWE b 0.05 svc, as well as other regions including the lingual
gyrus, superior temporal gyrus, precentral gyrus, dorsal cingulate cor-
tex, and posterior insula (Table 3 and Fig. 2E). The opposite contrast
showed no FC differences above threshold. When we compared cLBP
patients in the HP and LP conditions, we did not ﬁnd a signiﬁcant differ-
ence using the prior threshold (Fig. 2).
To test the association between FC and subjective cLBP rating at rest,
we applied a regression analysis between FC and low back pain ratings
using the average pain rating scores in the LP condition.We believe that
this measure captures the immediate pain level during scanning since
participants rated their pain before and immediately after each 6minute
resting state MRI scan. The results showed no signiﬁcant correlations.
For the resting state scan in the HP condition, we found signiﬁcant neg-
ative correlations between FC and LBP ratings in the HP condition at the
left vmPFC x=−9, y= 57, z=−12, Z= 3.83, voxels = 9, PFWE b 0.05
svc, and no positive correlations were found (Fig. 3A).
To test the association between functional connectivitywith the PAG
and cLBP illness duration, we applied a regression analysis between FC
in the LP condition and cLBP duration. The results showed signiﬁcant
negative correlations between FC and cLBP illness duration at the right
posterior insula, x = 39, y = −12, z = 9, Z = 3.04, voxels = 19,
PFWE b 0.05 svc (Fig. 3B) and left amygdala, x = −27, y = −9,
z =−18, voxels = 3, PFWE b 0.05 svc (Fig. 3C). Adding age as covar-
iate of no interest did not change the results. No other signiﬁcant
brain–behavior associations were found. For resting state in the HP
condition, we found no signiﬁcant correlations.
Using a seed from the third ventricle (x = 0, y =−3, z =−7, with
2mm radius) as a control region showed no group difference in FCwith
the prefrontal cortex even at lower threshold, P b 0.05, uncorrected.
These results suggest that the ACC–PAG ﬁndings are speciﬁc to the
PAG seed and are unlikely be confounded by signals from the adjacent
ventricle area.
For ‘scrubbed’ data, the length of data included in analyses on aver-
age was 103.7± 3.9 volumes for HP condition, 107.9 ± 2.1 volumes for
LP condition, and 111.3 ± 1.9 volumes for healthy controls. There was
Fig. 2. PAG centered functional connectivity. (A–C) Functional connectivity associated with the PAG in cLBP patients (in low pain condition and in high pain condition) and in the control
group, respectively. (D and E) Enhanced functional connectivity associated with the PAG in cLBP patients compared with controls.
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betweenHP andHCor LP andHC (P values N 0.2). The repeated analyses
without removing frames with framewise displacement (FD) N 0.5 mm
(‘scrubbing’) yielded similar results (results not reported here).4. Discussion
In this study, we investigated differences in the PAG centered resting
state functional connectivity in cLBP patients relative to age and gender
Table 3
Main group difference results from group analysis cLBP patients in high pain and cLBP patients in low pain condition and healthy controls.
Contrast Voxels Brain area Peak coordinate (x, y, z) Z value
LP N HC 36 R vmPFC/ACC 6, 42,−12 3.18 svc
11 L vmPFC/ACC −6, 45,−6 3.20 svc
HC N LP No brain region above the threshold
HP N HC 2401 R precentral gyrus 39,−15, 33 4.68
L superior temporal gyrus/operculum −36,−6, 54 4.17
R superior temporal gyrus/operculum 57, 12,−9 4.09
L dorsal cingulate cortex −6,−9, 36 4.04
R posterior insula 48,−18, 15 3.86 svc
300 L lingual gyrus −3,−63, 15 3.95
11 L vmPFC/ACC −6, 43,−9 2.96 svc
HC N HP No brain region above the threshold
LP N HP No brain region above the threshold
HP N LP No brain region above the threshold
HP with pain intensity 9 L vmPFC −9, 57,−12 3.83 svc
LP with illness duration 3 L amygdala −27,−9,−18 3.18 svc
19 R posterior insula 39,−12, 9 3.04 svc
LP = low pain before pain-inducing maneuver; HP= high pain after pain-inducing maneuver. HC= healthy controls. L = left, R = right. For regions of interest (ROIs), results were sig-
niﬁcant at PFWE b 0.05 after small volume correction (svc). Other results were signiﬁcant at P b 0.05 family-wise error (FWE) corrected at the cluster level.
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tivity was enhanced in cLBP patients, compared with HCs. Interestingly,
we found that the functional connectivity between the PAG and the
vmPFC/rACC decreased as endogenous back pain intensity increased
after pain-inducing maneuver, suggesting the dynamic character of
functional connectivity at the PAG. Moreover, cLBP duration was nega-
tively correlated with PAG–posterior insula and PAG–amygdala FC be-
fore any pain-inducing maneuver. These functional changes of PAG
point out that the PAG in particular may play an important role in the
pathophysiology of cLBP.
4.1. PAG–vmPFC/rACC functional connectivity
Abnormal vmPFC/rACC activity has been found in cLBP in previous
studies. Compared to HCs, cLBP patients showed increased high-
frequency BOLD oscillations (0.12–0.20 Hz) circumscribed mainly
to the vmPFC and brain regions within the default network (Baliki
et al., 2011). More recently, using arterial spin labeling, it has been
found that provoked increases in endogenous LBP ratingswere positivelyFig. 3. Brain–behavioral correlation results. (A) The association between PAG centered function
condition. (B–C) The association between PAG centered functional connectivity with the insulaassociated with statistically signiﬁcant increases in regional cerebral
blood ﬂow in awidespread network of cortical areas, including the bilat-
eral vmPFC in cLBP patients (Wasan et al., 2011). In addition, compared
with healthy controls, patients demonstrated stronger defaultmode net-
work connectivity to the pregenual anterior cingulate cortex, the left in-
ferior parietal lobule, and the right insula (Loggia et al., 2013). It has been
shown that the prefrontal cortex exerts active control on pain perception
by modulating corticosubcortical and corticocortical pathways (Lorenz
et al., 2003). The current study further highlights the role of vmPFC/
rACC functional connectivity abnormality in cLBP and links the vmPFC/
rACC to the PAG.
In a previous study on intrinsic connectivity patterns of the PAG
using resting-state fMRI in a large cohort of 100 healthy subjects, it
has been reported that PAG activity is positively correlated with sur-
rounding subcortical brain regions as well as with cortical regions, in-
cluding the anterior cingulate and anterior insula (Kong et al., 2010b).
Multiple studies suggest that PAG activity tends to be connected with
the rACC during pain perception and modulation (Bingel et al., 2006;
Petrovic et al., 2002; Zubieta et al., 2005). Increased levels of heat painal connectivity with themPFC in the HP condition and endogenous pain intensity in the HP
and amygdala in the LP condition and illness duration.
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2010a). Moreover, using midbrain/brainstem speciﬁc imaging, an
increased PAG activity in response to pain has been demonstrated
(Eippert et al., 2009). The involvement of the PAG in pain processing
and modulation has been known for a long time. Brain imaging studies
(Bushnell et al., 1999; Eippert et al., 2009; Erpelding et al., 2012; Kong
et al., 2010a; Kong et al., 2006; Teutsch et al., 2008; Wasan et al.,
2011) have found that the PAG is activated during the presentation of
noxious stimuli as well as in association with pathological pain states
such as chronic low back pain. Studies have shown that distraction
tasks reduce the subjective pain sensation (Tracey et al., 2002; Valet
et al., 2004). Activation in the periaqueductal gray was signiﬁcantly in-
creased during the distraction condition (Tracey et al., 2002; Valet
et al., 2004), and the total increase in activationwas predictive of chang-
es in perceived pain intensity (Tracey et al., 2002).
The PAG also plays a role in pain facilitation. In accordance with a
pain facilitation role, the magnitude of PAG activation has been shown
to correlate with the degree of patients3 neuropathic pain symptoms
(Freynhagen et al., 2006). In irritable bowel syndrome (IBS) patients, ac-
tivity in the vmPFC has been shown to disrupt a functional connection
between the lateral PFC and the PAG, suggesting that the vmPFC and
the PAG are involved in enhancing clinical pain (Mayer et al., 2005). Pre-
vious studies have shown a general hypersensitivity to painful stimuli in
cLBP patients (Farasyn and Meeusen, 2005; Giesecke et al., 2004; Puta
et al., 2012). Thus, the enhanced PAG–vmPFC/rACC FC in cLBP patients
may indicate an enhanced pain inhibition or facilitation. Further studies
are needed to clarify the role of this FC change.
4.2. Relationship between PAG functional connectivity and endogenous
pain
In the present study, in the vmPFC, the strength of intrinsic connec-
tivitywith the PAGwasnegatively correlatedwith pain intensity in high
pain condition. The vmPFC has been implicated in regulating affective
responses by manipulating the contextual evaluation of sensory events
(Rolls and Grabenhorst, 2008). vmPFC activation was associated with
decreases in pain unpleasantness ratings induced by mindfulness med-
itation in healthy subjects (Zeidan et al., 2011). In this context, we spec-
ulate that a decrease in the intrinsic correlations between the PAG and
the vmPFC in relation to the pain intensity may indicate a failed pain
modulation in the brain in response toworsening of pain. An alternative
explanation is that both the vmPFC and the PAG reﬂect arousal, which is
high in HP condition. Interestingly, such correlationwas signiﬁcant only
in the HP condition in which the pain level was enhanced by clinical
pain-inducing maneuvers, suggesting that the vmPFC–PAG network is
more related with higher pain states.Whether the observed association
between spontaneous pain intensity and changes in PAG connectivity
reﬂects either an adaptive mechanism or an abnormal state in cortical
excitability that predisposes individuals to chronic pain needs to be fur-
ther clariﬁed. Our study suggests that regionally speciﬁc FC changes
within the PAG–vmPFC networks may be a new locus of dysfunction
in cLBP.
4.3. Relationship between PAG functional connectivity and illness duration
We found that illness duration was negatively correlated with PAG–
posterior insula and PAG–amgydala FC, only in the LP condition. A pre-
vious study has found that the prestimulus FC between the insula and
the PAG predicted perceived painfulness (Ploner et al., 2010), suggest-
ing that these two regions interact to determine pain perception. It
has been reported that activation in the contralateral posterior insula
was positively correlated with temperature level, whereas subjective
intensity related more to activation of the right anterior insula (Craig
et al., 2000). It has been suggested that the posterior insulamay provide
a primary ‘interoceptive cortex’, specialized for perception of internal
bodily states incorporating pain, temperature, and autonomic arousal(Craig, 2003; Critchley et al., 2002).We found that the longer an individ-
ual is in the cLBP state, the weaker the functional connectivity between
the PAG and the posterior insula. We speculate that this may suggest
that after long-term cLBP suffering, the body is adapted to the situation,
and thus themodulationmechanism is somehowweakened. A previous
study also found that verum acupuncture induced a higher level of cor-
relations among the amygdala-associated network including the insula
and the PAG (Qin et al., 2008), suggesting that this network may be in-
volved in pain modulation. However, it is currently unknown whether
altered FC with the PAG is the consequence of or the cause of cLBP. A
longitudinal study would be required to determine the order of events.
Interestingly, we did not observe signiﬁcant correlation between PAG–
insula FC after pain-inducing maneuver and pain duration in patients.
It is possible that unlike in the natural low pain condition, the PAG–
insula FC was altered in high pain condition.
4.4. Heterogeneity in pain modulation system across pain conditions
In a recent study of migraine pain patients (Mainero et al., 2011), in-
vestigators have found that patients had greater FC between the PAG
and the ventral prefrontal cortex compared to the control group.
Migraineurs who develop pain in response to normally innocuous stim-
ulation (i.e., migraineurs with a history of allodynia) exhibited de-
creased FC with the PAG in the insula and the mPFC, compared with
migraineurs without allodynia. This result is consistent with ﬁndings
observed in LBP patients. In another study on a ﬁbromyalgia patient, in-
vestigators have found that patients with ﬁbromyalgia (a chronic pain
disorder characterized by chronic widespread pain and allodynia (a
heightened and painful response to pressure)) display less functional
connectivity between the ACC and the PAG (Jensen et al., 2012). We
speculate that this may reﬂect the heterogeneity of different chronic
pain conditions. Taken together, these ﬁndingsmay suggest that different
roles of pain descending control system underlie the localized chronic
pain (e.g., LBP, migraine) and widespread pain (e.g., ﬁbromyalgia pain).
4.5. Study limitations
There are some potential limitations in this studyworthmentioning.
The ﬁrst potential limitation is the order effects between the high en-
dogenous LBP and low endogenous LBP conditions. One challenge of
cLBP studies is that once LBP is provoked, it is hard to control without
any pharmacological intervention. In this study, we used exercise to
provoke the patients3 LBP; thus, the high pain condition tended to fol-
low the low pain condition. Secondly, our fMRI data was not acquired
with cardiac-gating which minimizes physiological motion artifact due
to pressure wave pulsatility in arteries within and around the brain
(Napadow et al., 2009). Future studies may compare the fMRI data
with and without cardiac gating. Third, a control for the movement ex-
ercises corresponding to the pain-inducing maneuvers is missing since
healthy controls underwent only one resting state session. The goal of
clinical maneuvers is to induce pain in patients with cLBP. The pain-
inducing maneuvers include a set of slow movements such as sit-ups,
lumbarﬂexion/extension, and lumbar rotation. These daily life activities
are not intense for healthy controls, although they can elicit pain in pa-
tients with cLBP. Thus, it is unlikely that movement exercises in healthy
controls would evoke low back pain or induce functional connectivity
changes in pain modulation network since there would be no pain ex-
pected in healthy controls. Previous studies also indicate that the intrinsic
resting state functional connectivity is reliable across different sessions
(Birn et al., 2013; Liao et al., 2013; Shehzad et al., 2009). Nevertheless,
the contrast between HP and LP conditions should be interpreted with
caution. Fourth, the seed region is relatively small. One concern is that
the signal to noise ratio (SNR) might not be good enough to detect PAG
activity. However, previous resting state MRI studies have successfully
used small seed regions, such as amygdala subregions (Roy et al., 2009),
nucleus accumbens (Cauda et al., 2011), and red nucleus (Nioche et al.,
107R. Yu et al. / NeuroImage: Clinical 6 (2014) 100–1082009), and found valid FC results. Finally, we did not include medication
in the model, and although it is unlikely that medication exposure ac-
counts for our results, we cannot completely rule out the effect ofmedica-
tion. It is important to note, however, that we excluded all patients using
opioids in the study, as a previous study found that daily oral administra-
tion of morphine for 1 month can cause anatomical changes in the brain
(Younger et al., 2011).
In summary, the present study showed that cLBP patients have
increased PAG–vmPFC FC and that the FC between the PAG and the
vmPFC decreases as endogenous pain intensity increases in high
pain condition. These ﬁndings may not only deepen our understand-
ing of pain modulation and the development of chronic pain but also
ultimately help inform mechanism-based therapies for treating dif-
ferent types of acute and chronic pain.
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